Extracellular electron transport (EET) occurs in environmental iron-reducing bacteria and is 2 3 3 1 covalent cofactor of Cyts. EET mediated by Cyts was accelerated at a rate dependent on 3 2 pK a (N5). The EET rate largely decreased in response to the addition of deuterated water 3 3 (D 2 O), while low concentration of D 2 O (4 %) had little impact on electron free energy 3 4
of i c as that achieved using 2.0 µM riboflavin, which is characteristic of diffusion-based 1 3 8
shuttling mechanisms (Fig. 1C) . The diffusion-limited kinetics of electron transfer from α -1 3 9
AQS to the electrode was previously confirmed by voltammetric analysis at scan rates of 1-1 4 0 100 mVs -1 in the presence of the S. oneidensis MR-1 biofilm (47) . With an N5-containing 1 4 1 molecule (N5 molecule), MB, I c enhancement did not follow Fick's law and occurred at low 1 4 2 concentrations ( Fig. 1C and S1D ). The observed scan rate dependency in cyclic voltammetry 1 4 3 analysis indicated that the rate of electron transfer is not limited by diffusion kinetics in MB 1 4 4 or riboflavin (Fig. S2 ). However, their kinetics were limited by diffusion in the absence of S. 1 4 5 oneidensis MR-1 (Fig. S2) . These data show that N5 molecules did not enhance i c by a 1 4 6 shuttling mechanism but rather by a direct electron transport process at the cell/electrode 1 4 7
interface.
1 4 8
Stabilization of the N5 molecules in their SR form in Cyts was confirmed by the 1 4 9 1 7 0 forms (51). It seems possible that the SR state is stabilized by donation of a hydrogen bond to 1 7 1 N5 from the Cyts scaffold, as observed in flavodoxins (52). To confirm whether the redox cycle of bound cofactors could couple with protonation as 1 7 3
with that of SQ in flavodoxins, we evaluated the effects of bulk solution pH on the redox proton-coupled electron transfer reaction (Fig. 2 ). On the other hand, the observed slope 1 7 8 values were lower than expected (riboflavin: -13 mV pH -1 ; MB: −34 mV pH -1 ; TB: −32 mV 1 7 9 pH -1 ; NMB: −30 mV pH -1 ; and TN: −21 mV pH -1 (Fig. 2) ). Similar deviations from the -59 Given that the flavins receive electrons from the heme group(s) of Cyts, we previously 1 9 4
posited that molecules with higher E 0 could be more favorable for the acceleration of EET in did not increase with higher E 0 in some N5 molecules ( Fig. 3A) . We approximated the 1 9 8 capability of EET from the max i c value (I c ) in the 10-h measurements of each of the N5 1 9 9
molecules at the concentration of the Cyts complex with bound cofactors ( Fig. S9 and Table   2 0 0 S1). Their E 0 were estimated by DPV (Figs. S3 and S4). It was assumed that the N5 with higher E 0 . The EET rate for RS was low possibly due to a low overpotential to be 2 0 7 oxidized by the electrode. Nevertheless, the cutoff was nearly identical to E 0 for Cyts (+50 thermodynamically favorable downhill reaction. Thus, the suppression of EET rate could not 2 1 0 originate from energetics of electron transfer. bound to Cyts except FMN and riboflavin were determined by differential pulse voltammetry (15, 20). The pK a (N5) were calculated using a quantum chemical approach (Figs. S10 and 2 1 7 S11). pK a (N5) of FMN and riboflavin were obtained from the literature ( We compared pK a (N5) with the EET capability of each N5 molecule. pK a (N5) in the SR 2 2 3 state was calculated using a quantum chemical approach, as demonstrated for 28 reference 2 2 4 compounds (Figs. S10 and S11) (57, 58) . EET capability increased with pK a (N5) in the SR 2 2 5 form ( Fig. 3B ). The increase in current production at high pK a (N5) suggests that the N5 2 2 6 protonation of the singly reduced cofactor limits the rate of EET. Nucleophilicity at N5 was increase of nucleophilicity at N5 ( Fig. S12 and Table S2 ). Meanwhile, DMMB with pK a of 2 2 9
10.14 showed ~66 ± 4% lower EET capability than MB ( Fig 3B) . Since DMMB has the 2 3 0 identical backbone structure with MB except for methyl groups at the vicinity of N5 moiety in 2 3 1 1 1 the isoalloxazine ring, strict suppression of EET capability in DMMB may be caused by 2 3 2 prevention of protonation at N5. In contrast, there was no clear relationship between current 2 3 3 production and pK a value in the two-electron reduced form ( Fig. S13 ). In the electron-2 3 4
shuttling mechanism involving a two-electron redox process, the rate limiting factors for EET 2 3 5 are the diffusion constant and the E 0 value (59). The distinct rate-limiting step from shuttling 2 3 6 mechanism supports the bound-cofactor mechanism of the N5 molecules which mediate one-2 3 7 electron redox process as binding SR species, and supports the importance of proton uptake 2 3 8 capability at N5 in EET kinetics. To analyze the rate-limiting step in EET, we evaluated the kinetic isotope effect (KIE) 2 4 0 using a highly reproducible S. oneidensis MR-1 monolayer biofilm (47, 60). We added data are indicated above each plot. The rate-limiting proton transfer is associated with the electron transfer from the hemes 2 8 0
in the Cyts to the bound cofactors, and E 0 potentially affect the EET rate (Fig. 3A ). mV for hemes in the Cyts but also a positive shift in the E p of ~25 mV for bound riboflavin 2 9 0
were observed, without changing the E p difference (Fig. 5A) . The E p for TN also positively 2 9 1 shifted, and the E p gap between Cyts and TN was also almost identical ( Fig. 5B ). Peaks of 2 9 2
Cyts and MB were overlapped in both before and after addition of D 2 O (Fig. 5C ), indicating originate from the increase of MB/Cyts ratio contributing on the oxidation peak, which is supporting that the observed KIE values in Fig. 4 were derived substantially from rate-2 9 8
limiting proton transfer via N5 of the bound cofactors. Black and gray lines are baseline subtracted DP voltammograms and fitted lines, respectively. Red and blue lines represent oxidation peaks deconvoluted from fitted line. According to (15, 3 0 6 20), the blue peak is assigned to the Cyts and the red peak is assigned to a bound cofactor. The oxidative peaks in panel (C) were not able to be deconvoluted by SOAS because they 3 0 8
overlapped. The extent of current suppression by deuterated water was much larger than those 3 1 1 determined when the EET kinetics is limited by diffusion process of proton donor for N5 ( Fig.   3 1 2 4D). Assuming protons are delivered to N5 via diffusing water or buffer molecules in bulk correlated with the percentage of heavy water added, i.e., the extent of current suppression is 3 1 5
lower than the percentage of deuterated water added (62, 63). However, we observed the KIE 3 1 6 values >1.04 in the presence of 4% D 2 O (Fig. 4D) , indicating that diffusion of free water or 3 1 7 buffer molecule do not limit the rate of EET. Some enzymes with several protonic sites 3 1 8
transporting more than one proton suppress the rate of coupled electron transport over the 3 1 9
ratio of added deuterated water as indicated in the Gross-Butler model (62, 64, 65) . Given further confirms our finding that the protonation of bound-cofactor limits the rate of EET via 3 2 2
Cyts.
3 2 3
The EET kinetics through Cyts was reported to be limited by proton transfer reaction in 3 2 4 the absence of SR cofactor molecules (47). Therefore, high EET acceleration by cofactors 3 2 5 may be the result of an increase in the rate of proton transfer coupled with the EET. Given EET-capable bacteria in the presence and absence of the bound cofactors. We demonstrated that the basicity of N5 enhances the rate of EET when flavin is by flavin analogs and quinones are also explained by the function of N5, the proton uptake 3 3 8 capability and the ability to form SR state binding with Cyts (Fig. 6 ). It is of great interest to Luria-Bertani (LB) medium (25 g L -1 ). The cell suspension was centrifuged at 6,000 × g for oneidensis MR-1. The cells were cultured aerobically at 30 °C for 12 h and centrifuged at 3 5 7 6,000 × g for 10 min. The cell pellet was washed twice with DM medium by centrifugation 3 5 8
for 10 min at 6,000 × g. A mutant strain lacking the genes encoding Cyts (ΔomcAll; deletions 3 5 9
of SO1778-SO1782, SO2931, and SO1659) was constructed as previously described (67). A single-chamber, three-electrode system for whole-cell electrochemistry was 3 6 4 constructed as previously described (15, 22). An indium tin-doped oxide (ITO) substrate redox molecule (Fig. 1A) and 10 mM lactate as the sole electron donor was de-aerated by 3 6 9
bubbling with N 2 for > 20 min. It was then added to the electrochemical cell as an electrolyte. measurements. Cell suspensions with OD 600 = 0.1 were inoculated into the reactor. The EET capability, and KIE value are described in Supporting information. were incubated at 30 °C with no agitation for 25 h. Formation of the monolayer biofilm was 3 8 3 confirmed by in situ confocal fluorescence microscopy as previously described (32). Science Instruments, Seyssinet-Pariset, France). DPV was conducted under the following 3 9 0 conditions: 5.0 mV pulse increments, 50 mV pulse amplitude (ΔE pa ), 300 ms pulse width, and was estimated to be 25 mV more positive than the peak potential (E p ) observed in DPV. To 3 9 3 determine the peak potential (E p ), half-width (ΔE p/2 ), and oxidation peak intensity in DPV, the 3 9 4 background current was subtracted by fitting the baseline of regions remote from the peak and 3 9 5
assuming a similar smooth charging current throughout the peak region. The subtraction was 3 9 6
performed in the open source program SOAS (61). To compute the absolute pK a values, we employed a quantum chemical approach (57). where ΔG aq is the free energy difference between AH and (A -+ H + ) in water (i.e., ΔG aq = 4 0 5 G aq (A -) + G aq (H + ) -G aq (AH)), R is the gas constant, and T is the temperature. ΔG aq can also The free energy G gas in vacuum can be obtained, using the following equation; determined by the restraint-electrostatic-potential (RESP) method (70-72).
2 5
To evaluate the accuracy of the method, we calculated pK a values for 28 compounds 4 2 6 whose experimentally measured pK a values are reported (i.e., ref. (73) Electron Acceptors: A Historical Review. Front. Microbiol. 9:401. between surface-exposed bacterial cytochromes and iron oxides. Geochim.
4 9
Cosmochim. Acta 163:299-310. reveals an in vivo-specific deca-heme conformation in bacterial surface cytochromes. Chem. 48 (14):2174-2180. 
